Extensive studies have been carried out on photocatalytic materials in recent years as photocatalytic reactions offer a promising solution for solar energy conversion and environmental remediation. Currently available commercial photocatalysts still lack efficiency and thus are economically not viable for replacing traditional sources of energy. This article focuses on recent developments in novel nano-photocatalyst materials to enhance photocatalytic activity. Recent reports on optofluidic systems, new synthesis of photocatalytic composite materials and motile photocatalysts are discussed in this article.
The development of microfluidic reactors for photocatalytic applications presents valuable advantages like simultaneous and fine control of light and fluids, large surface area-tovolume ratio and uniform distribution of light onto the photocatalyst. Several groups have used microfluidic chips for enhanced chemical reaction performance. 1 The synergy of combining optofluidics and photocatalysis could boost photocatalytic reaction rates and yields, due to an improvement of the mass and photon transfer in the microfluidic reactors. 2 Recent research with non-titania based novel active nanophotocatalysts and titania based novel photocatalytic systems are discussed in this article. The employment of novel nanophotocatalysts is a promising approach for the development of photocatalytic reactors for multiple applications such as solar energy conversion and photodegradation of organics. We expect the field of nano-photocatalytic systems will grow substantially in the near future.
Microfluidics
Optofluidics, which combines microfluidics and optics has become a promising platform for photocatalytic reactions due to short light travel distance within the microchannels. Optofluidic systems increase photocatalytic reaction rate because of the improved mass and photon transfer efficiency.
Development of novel photocatalysts and screening of the optimal conditions to study mechanisms and kinetics is challenging due to expensive and bulky setup. Conventional experiments typically require large scale volume setups with catalysts containing precious metals. Miniaturized reactor space in a microreactor can minimize labour force, cost of experiment and allow for rapid optimization of reactions. Ahsan et al. used a microfluidic platform to study the kinetics of photocatalytic water-splitting. 3 They used a planar type PDMS reactor with glass to maximize the light exposure area (Fig. 1A) . Pt-TiO 2 photocatalyst was synthesized by sol-gel reaction and the prepared colloidal suspension was spread on the glass substrate. O 2 and H 2 were evolved by Z-scheme system with redox mediators. The reaction rates for O 2 and H 2 were measured under different flow rates and concentrations of mediator. It was observed that the reaction efficiency was clearly improved with increasing flow rate due to enhanced mass transport. Especially higher flow rates would yield 2-fold improved reaction rates. Meng et al. reported a novel microfluidic-based photocatalytic microreactor by using nanofibrous TiO 2 as a photocatalyst with a simple fabrication process and high photocatalytic efficiency. 4 The nanofibrous TiO 2 catalyst was produced by electrospinning and calcination process with high BET surface area (20.8 m 2 g −1 ). The prepared nanofibrous TiO 2 was transferred and sealed between a PDMS mold and glass substrate (Fig. 1B) . The photocatalytic activity of the nanofibrous TiO 2 microreactor was compared with the TiO 2 film microreactor by measuring methylene blue (MB) photodegradation. The investigation of photocatalytic activity with different flow rates revealed that the MB degradation reaction rate was increased sharply with an increase in residence time. The highly porous structure of nanofibrous TiO 2 provides a large surface area while the TiO 2 film reactor only provides limited contact area. The nanofibrous TiO 2 microreactor has a higher efficiency of photocatalytic reaction than that of bulk and film microreactors. Li et al. proposed a micro-photocatalytic fuel cell (μ-PFC) with membrane-free and air-breathing modes. 5 As shown in Fig. 1C , the μ-PFC was designed by fabricating PDMS and a carbon paper with Pt on the TiO 2 film deposited FTO glass. As compared to traditional PFCs, μ-PFCs with a shorter distance between the electrodes along with the membrane can decrease the mass/photon transfer resistance, resulting in enhanced electricity generation. Furthermore, the airbreathing cathode can supply O 2 from the surrounding air with intrinsic large surface to volume ratio, which provides a simple and compact structure as compared to conventional PFCs. The μ-PFCs achieved high performance with 0.58 mW cm −2 of maximum power density and a degradation efficiency of 83.9%. This new type of μ-PFC brings in the possibility of promising applications like degrading pollutants and generating electricity.
Energy conversion and environmental applications
Dinh et al. described a visible light activated photocatalyst based on nanostructured Au/TiO 2 . 6 They fabricated a threedimensional ordered assembly of thin-shell Au/TiO 2 hollow nanospheres (Au/TiO 2 3DHNSs) that showed higher photocatalytic activity under visible light than conventional Au/ TiO 2 nanopowders. The authors also investigated the optical and photocatalytic properties of the Au/TiO 2 3DHNSs structure. Analyzing the reflection and absorption spectra of the samples, the authors concluded that the particular architecture of the photocatalyst plays a key role in enhancement of visible light absorption. The wavelength overlapping between surface plasmon resonance of Au NPs at 580 nm and the photonic stop band in the range 550-620 nm ( Fig. 2A) produces an enhanced light harvesting effect. It is known that photons with wavelengths near to the stop band edges can be slowed down and propagate in the material with strong low group velocities through an effect called the slow photon effect. 7 When the wavelength of the slow photon overlaps with the specific absorption of the material, the enhancement of the absorption can occur as a result of increased interaction between slow photons and the material. Their results showed that, besides the slow photon effect, the multiple light scattering caused by the Au/TiO 2 3DHNSs is also important for the enhancement of UV/Vis light absorption. The photocatalytic activity tests of Au/TiO 2 3DHNSs to photodegrade isopropanol to carbon dioxide (CO 2 ) under visible light revealed that Au/TiO 2 3DHNSs produced 6.1 times more CO 2 than conventional Au/TiO 2 -P25 Degussa nanopowder (Fig. 2B) 10 Detailed methods of preparation of graphitic C 3 N 4 with 12 nm mesopores and Ru complexes suitable for photocatalytic CO 2 reduction were reported previously. 13, 14 The authors proposed the photocatalytic mechanism illustrated in Fig. 2E . C 3 N 4 is employed as a visible light harvesting unit, generating electrons and holes in the conduction and valence bands, respectively. The generated electrons are injected into the Ru complex, which hosts the active site for CO 2 reduction. Therefore, the photocatalytic efficiency of the present system depends on the structure of the Ru complex. The experimental results testing different Ru complexes on the photocatalytic reduction of CO 2 showed that the best efficiencies were obtained when the complex transĲCl)-ĳRuĲbpy-ĲPO 3 H 2 ) 2 )ĲCO) 2 Cl 2 ] was used to functionalize the C 3 N 4 light harvesting material. Enhanced photocatalytic activity is required to harvest the maximum energy of light and to make photocatalytic systems economically viable. Zhixing Gan et al. studied the role of photothermal contributions in enhanced photocatalytic activity of graphene based nanocomposite materials. 11 Photothermal effects in graphene based material are mainly produced by surface plasmons. It shows relatively stronger oscillation of plasmons compared to other 2D materials.
Plasmons of rGO cause oscillation of Dirac fermions like electrons in graphene islands and collective oscillations of electrons in graphene remain confined in the structure, which produce local heat. In order to quantify the photothermal contribution, the authors used P25-rGO nanocomposite. TEM analysis revealed that P25ĲTiO 2 ) nanoparticles with diameters of approximately 20 nm were attached to the rGO sheet. The authors used MB as a model pollutant to study the enhancement of degradation. Briefly, two sets of experiments with UV-vis light and NIR light were performed for MB degradation using P25 and P25-rGO. After 30 minutes of irradiation, variation in adsorbed mass of MB on rGO was calculated by TGA and variation in mass in the solution was calculated from degradation rate. Based on the temperature increment during experiments and MB degradation rate ratio between P25-rGO and P25, the authors calculated that PTE contribution by rGO in enhanced degradation of MB can be up to 37.5%. Overall enhancement of degradation can be described by mainly three effects, improved light absorption, trapping and shuttling of electrons and a local photothermal effect caused by surface plasmon resonance under NIR exposure (Fig. 2F ).
Light activated mobile nanocatalysts
Mass transfer over the surface of heterogeneous photocatalysts is important for higher catalytic degradation. Dunpu Zhang et al. fabricated motile photocatalyst film inspired by biological cilia, which can be actuated by an external magnetic field (Fig. 3A) . 15 Compared to planar photocatalysts, the ciliary structure provides a higher surface area for the reaction and light absorption while motion makes it capable of transferring mass at the nano and micrometer scale. Artificial cilia were fabricated by self-assembly of cobalt particles suspended in PDMS polymer under a perpendicular magnetic field (900 mT). Thereafter, a TiO 2 film was grown on top of it via a hydrothermal synthesis process in a Teflon lined autoclave. In the final step graphene was reduced using UV light irradiation. Here, graphene was used to provide high conductivity to increase the lifetime of the electron-hole pair. By mimicking ciliary motion using an external magnetic field and controlling beat frequency, artificial cilia can efficiently perform fluid mixing. Mixing enhances the mass transfer process. RhB was used as a model to study the photocatalytic performance and the measurements for degradation rate were carried out using a UV-vis spectrometer. The authors observed that ciliary structures outperformed planar structures in the photocatalytic degradation experiment (Fig. 3B) . Enhanced photocatalytic activity can be attributed to micromixing capability, higher light absorption and higher surface area of the cilia-like photocatalyst (Fig. 3C) . Photocatalysts also can be reused several times and remain active without significant performance change. Catalytic micromotors demonstrated enhanced degradation of model pollutants by reactive species due to the micromixing capability of the catalytic system. [17] [18] [19] However, only very recently, titania thin films and particles were used as active components of micromotors 16, 20 and micropumps. 21 Giudicatti et al. described a method to fabricate rolled up TiO 2 microtubes (Fig. 3D) , which can swim under UV light irradiation ( Fig. 3E and F) . 16 Tubular motors show a clear enhanced motion under light as seen in the tracking trajectories of Fig. 3E (no light) vs. Fig. 3F (UV light on) and the Mean Square Displacement. Diffusiophoresis could be the possible mechanism behind the self-propulsion of these motors. In their fabrication method, first a sacrificial layer was prepared by photolithography of polymers on a glass or silicon substrate. Different sizes of patterns were transferred onto the samples using exposure of UV light by a mask aligner. Then, TiO 2 nano-membranes were deposited at an angle of 15°w ith different deposition rates via an e-beam evaporator under an oxygen environment. After rolling up of the nano-membranes, TiO 2 microtubes were dried and annealed to achieve anatase structure. It is expected that other types of motors will use photocatalytic reactions with the aim of finding clean fuels.
Developing effective photocatalytic systems is the key to harvest clean and inexpensive energy from the sun. Recent advances in photocatalysis have shown to be promising approaches for future technologies of electricity production and environmental remediation. Design and fabrication of forthcoming nano-photocatalysts incorporating advanced properties like self-propelled motion and micromixing features, full spectrum photo-activity, improved light absorption and integration in optofluidic systems have great potential to enhance solar energy harvesting capacity in compact devices. 
